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Norwalk virus (NV), a member of the Caliciviridae family, is the major cause of acute, epidemic, viral
gastroenteritis. The NV genome is a positive sense, single-stranded RNA that encodes three open reading
frames (ORFs). The first ORF produces a polyprotein that is processed by the viral cysteine protease into six
nonstructural proteins. We have determined the structure of the NV protease to 1.5 and 2.2 A from crystals
grown in the absence or presence, respectively, of the protease inhibitor AEBSF [4-(2-aminoethyl)-benzene-
sulfonyl fluoride]. The protease, which crystallizes as a stable dimer, exhibits a two-domain structure similar
to those of other viral cysteine proteases with a catalytic triad composed of His 30, Glu 54, and Cys 139. The
native structure of the protease reveals strong hydrogen bond interactions between His 30 and Glu 54, in the
favorable syn configuration, indicating a role of Glu 54 during proteolysis. Mutation of this residue to Ala
abolished the protease activity, in a fluorogenic peptide substrate assay, further substantiating the role of Glu
54 during proteolysis. These observations contrast with the suggestion, from a previous study of another
norovirus protease, that this residue may not have a prominent role in proteolysis (K. Nakamura, Y. Someya,
T. Kumasaka, G. Ueno, M. Yamamoto, T. Sato, N. Takeda, T. Miyamura, and N. Tanaka, J. Virol. 79:13685-
13693, 2005). In the structure from crystals grown in the presence of AEBSF, Glu 54 undergoes a conforma-
tional change leading to disruption of the hydrogen bond interactions with His 30. Since AEBSF was not
apparent in the electron density map, it is possible that these conformational changes are due to subtle changes

in pH caused by its addition during crystallization.

Norwalk virus is a member of the Norovirus genus of the
viral family Caliciviridae. Noroviruses are the major causative
agents of nonbacterial, acute gastroenteritis in humans. Cur-
rently, understanding the replication of noroviruses is hindered
due in part to the lack of a cell culture system or an animal
model. The Norwalk virus genome is a 7.7-kb positive sense,
single-stranded RNA that encodes three open reading frames
(ORFs). ORFs 2 and 3 encode the viral capsid protein, VP1
(19), and the minor structural protein, VP2 (17), respectively.
A 200-kDa polyprotein is encoded by ORF 1, and this polypro-
tein is cleaved by the viral protease into six nonstructural
proteins necessary for replication (5, 9). The six nonstructural
proteins include an RNA-dependent RNA polymerase (30);
the viral protease (38); the genome-linked viral protein (VPg),
which may act as an mRNA cap (13); p22, which shares amino
acid motifs with the picornavirus 3A protein (9); p41, which
has NTPase activity and a helicase domain (35); and p48, which
interferes with cellular trafficking (16). These proteins were
identified originally through sequence motif similarity to pro-
teins from the Picornaviridae family, which also encode a large
polyprotein that is cleaved into the nonstructural proteins nec-
essary for replication by the viral 3C and 2A proteases.

Similar to the case in picornaviruses, the Norwalk virus pro-
tease (NVFRO) is necessary to cleave its viral polyprotein into
the six nonstructural proteins (9, 18, 39, 40) required for viral
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maturation and replication. The X-ray structures of three re-
lated picornaviral 3C proteases show a chymotrypsin-like (42)
fold with a cysteine as the active-site nucleophile (1, 37). These
viral cysteine proteases, such as the well-characterized picor-
naviral 3C and 2A proteases, contain a catalytic triad that is
composed of the active-site cysteine, a histidine, and either a
glutamate or aspartate. Therefore, the 3C and 3C-like pro-
teases are considered to be a distinct group of serine-like
(chymotrypsin-like) proteases and are different from cysteine
(papain-like) proteases (3, 4, 31). The viral cysteine proteases
use a proteolytic mechanism similar to that of the serine pro-
teases with a cysteine sulfhydryl group acting as the nucleo-
phile instead of the serine hydroxyl group. In both cases, the
formation of the tetrahedral transition state intermediate is
facilitated by hydrogen bonds between the oxyanion and two
main chain amine groups. Typically, the glutamate or aspartate
residue is used to orient the imidazole ring of histidine in order
to neutralize the charge that develops during this tetrahedral
transition state formation.

The crystal structures of poliovirus (PoV) (27), human rhi-
novirus (HRV) (23, 24), hepatitis A virus (HAV) (43), and
foot-and-mouth disease virus (7) 3C proteases have revealed a
similar catalytic triad in the active site with a cysteine as the
nucleophile, histidine as the general base, and glutamate or
aspartate as an anion that correctly positions the imidazole
ring of the active site histidine. Site-directed mutagenesis was
used to determine that the catalytic triad of the 3C-like pro-
tease from rabbit hemorrhagic disease virus, a member of the
Caliciviridae (10, 41), is composed of a cysteine, a histidine, and
an aspartate. Previously, it has been shown through mutational
analysis and polyprotein cleavage experiments that Cys 139
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and His 30 are members of the Norwalk virus protease catalytic
triad (18, 39). However, the identity of the acid component of
the catalytic triad has remained controversial. Multiple se-
quence alignments between noroviruses and picornaviruses
were used in an attempt to determine the active-site anion
(39). Based on this analysis, two possible anions were identi-
fied: Glu 54, which corresponds to the active site aspartate of
the rabbit hemorrhagic disease virus protease, or Asp 67,
which corresponds to active-site glutamate of PoV and HRV
3C proteases (39). Mutational studies of Norwalk virus by
Hardy et al. suggest that Glu 54 is required for proteolysis of
the polyprotein (18). However, based on the mutational anal-
ysis by Someya et al. and recent crystallographic analysis at
2.8-A resolution, Nakamura et al. have suggested that a cata-
lytic dyad, and not a triad, is responsible for catalysis in the
Chiba virus (a related norovirus) protease (29, 39), similar to
the mechanism of the coronavirus main protease (2), another
viral cysteine protease.

To investigate the catalytic mechanism of norovirus pro-
teases, we determined the structure of the NVFRC to 1.5-A
resolution. Based on our structural and biochemical analysis,
we report here that Glu 54 is, in fact, the anion of the catalytic
triad since it acts to position His 30 in the catalytic site through
strong hydrogen bonding interactions and is required for pro-
teolysis of a fluorogenic peptide substrate. Furthermore, we
have determined a 2.2-A structure of the NVPR® from the
crystals grown in the presence of one of its known inhibitors,
AEBSF [4-(2-aminoethyl)-benzenesulfonyl fluoride], in order
to investigate the mechanism of inhibition (9). In this structure,
we have found a conformational change in the residues of the
catalytic triad, which results in the loss of the hydrogen bond
interactions between the imidazole ring of the active-site his-
tidine and the active-site glutamate.

MATERIALS AND METHODS

Protease expression and purification. Full-length NVPR© was cloned into the
expression vector pET41 Ek/LIC with an additional thrombin cleavage site and
expressed in Escherichia coli BL21(DE3) in minimal media in the presence of
seleno-methionine (Se-Met). The glutathione S-transferase (GST)-tagged Se-
Met NVPRO wag purified over a glutathione-Sepharose column and the GST tag
was removed with thrombin. Size exclusion chromatography was performed to
separate the GST tag from NVPRO_ The protease inhibitor phenylmethylsulfonyl
fluoride (PMSF) was present throughout purification. Se-Met NVFPRO was con-
centrated and stored in 25 mM Tris-HCI (pH 8.0)-100 mM NaCl-5 mM dithio-
threitol, crystallized, and used for multiple anomalous dispersion (MAD) exper-
iments.

Another full-length NVPRO clone was constructed with an amino-terminal
His, tag in the expression vector pET46 Ek/LIC and expressed in BL-21(DE3) E.
coli. This NVPRO wag purified over a nickel affinity column and dialyzed over-
night into 50 mM NaH,PO, (pH 4.7)-100 mM NaCl-10 mM B-mercaptoethanol.

Site-directed mutagenesis. Glu 54 was mutated to Ala (ES4A) by using the
Stratagene QuikChange mutagenesis kit, according the manufacturer’s protocol,
using the primer 5'-GCAATCCACCAAGCAGGTGCGTTCACACAATTCAG
GTTC-3" and its reverse complement. The resulting clones were completely
sequenced to confirm the mutation and to verify that no additional mutations
were present. Mass spectroscopic analysis was performed to confirm the muta-
tion of Glu 54 to Ala in the purified NVFRO,

Activity assay for purified native NV’R© and E54A mutant NVPR, For activity
assays, purified His-tagged NVFRO was dialyzed into 50 mM NaH,PO, (pH
8)-50 mM NaCl-1 mM DTT. The protease was mixed with a fluorogenic peptide
substrate (Edans-EPDFHLQGPEDLAK-Dabcyl), corresponding to the cleav-
age site between p48 and p41 in the polyprotein, which leads to an increase in
fluorescence when the peptide is cleaved. The assay was monitored by using a
fluorescent plate reader at excitation/emission wavelengths of 360 and 460 nm,
and there was no increase in fluorescence intensity in the absence of NVPRO
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FIG. 1. Purification and activity of NVPRO, (A) GST-NVF RO was
purified by size exclusion chromatography after thrombin cleavage,
and the protease was observed to form a dimer. The size exclusion
profile of the His-tagged NVPRO appears identical with the same peak
at ~38 kDa. The inset is a Coomassie blue-stained sodium dodecyl
sulfate-polyacrylamide gel electrophoresis of molecular weight mark-
ers the indicated fractions from the peaks. (B) Activity of His-tagged
NVPRO after purification as shown by mixing the protease with the
fluorogenic peptide substrate Edans-EPDFHLQGPEDLAK-Dabcyl,
where fluorescence intensity increases with cleavage of the peptide
between QG. The ES4A mutant was assayed under the same condi-
tions and is unable to cleave the fluorogenic peptide substrate. Shown
on the y-axis are relative fluorescence units (RFU), measured at exci-
tation/emission wavelengths of 360/460 nm. The experiments were
repeated a total of eight times, and the error bars cannot be seen on
the graph due to the scale on the y axis and the low standard deviation
between each trial.

(Fig. 1B). In addition, the ES4A mutant NVFPRO was purified as was the wild-type
His-tagged NVFRO and was assayed under the same conditions with the same
fluorogenic peptide substrate. The assays for the wild-type and mutant NVPRO
were performed a total of eight times.
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TABLE 1. Data collection and refinement statistics
Results for crystal
Parameter?
Se-Met Native AEBSF
Data collection statistics
Wavelength (A) 0.97857 (peak) 0.9794 0.9794
0.97948 (inflection)
0.97964 (remote)

Resolution limit (A)
Total reflections

30.0-3.15 (3.26-3.15)
298,028

Unique reflections 20,054

Completeness 99.9 (100.0)

Redundancy 14.3 (15.1)

Rierge” 0.093 (0.494)

1/o(I) 7.5(2.1)
Cell parameters

Space group Po,

a and b (A) 130.462

c (A) 119.889

a and B (°) 90.0

v () 120.0
Refinement statistics _

Resolution range (A) 30-3.1

Rwork (%) 27.7

tree (%0 33.1

RMS deviation from ideal geometry

Bonds (A) 0.014

Angles (°) 1.607

Avg B factor (A%) 78.208
Ramachandran plot (%)

Favored 84.1

Allowed 14.5

Generously allowed 0.7

Disallowed 0.7

31.5-1.5 (1.55-1.50)
507,583

39.44-2.2 (2.28-2.20)
152,566

36,055 11,542
99.1 (97.9) 99.6 (98.8)
14.08 (13.83) 13.22 (13.01)
0.063 (0.457) 0.085 (0.326)
16.7 (4.1) 16.8 (5.9)
P6.22 P6.22
121.833 120.490
51.369 51.249

90.0 90.0

120.0 120.0
30-1.50 30-2.2

185 21.1

21.1 24.6

0.008 0.006

1.207 1.253

17.310 24.958

92.6 90.4

74 9.6

0 0

0 0

F*Rierge = (2,2, ;(h) — <I,>0/%,31;(h), where Li(h) is the jth measurement of the intensity of reflection /2 and <I(h) is the mean intensity of symmetry-equivalent
reflections. Ry, is the R factor for a subset (10%) of the reflections that was selected prior to refinement calculations and was not included in the refinement.

Ramachandran plots were generated by the program PROCHECK (22). Numbers in parentheses indicate the highest resolution shell.

Crystallization. Se-Met NVPRO and native NVPRO were crystallized either by
the hanging drop vapor diffusion or sitting drop vapor diffusion methods at room
temperature. The best Se-Met NVPRO (25 mM Tris-HCI [pH 8.0], 100 mM NaCl,
5 mM DTT) crystals were obtained with sitting drops in 1.4 M sodium potassium
phosphate with 0.1 M lithium chloride as an additive. The cryoprotectant was the
same as the crystallization condition with 25% polyethylene glycol (PEG). The
best native His-tagged NVFRO crystals were obtained by the sitting drop method
with a well solution of 0.1 M lithium sulfate-0.1 M bis-Tris (pH 5.5)-20% PEG
3350-0.1 M EDTA. The native His-tagged NVPRO (50 mM NaH,PO, [pH 4.7],
100 mM NaCl, 10 mM B-mercaptoethanol) was also cocrystallized in the pres-
ence of the inhibitor AEBSF. AEBSF-NVFRO crystals were obtained by hanging-
drop vapor diffusion in 0.2 M magnesium chloride-0.1 M bis-Tris (pH 5.5)-30%
PEG 3350 with 1 ul of 1 M AEBSF, prepared in 50 mM NaH,PO,-50 mM NaCl
added to the drops for a final concentration of 0.1 M. All crystal trays were set
up with a protease concentration of 2 mg/ml.

Data collection. All data were collected at Argonne National Labs’ Advanced
Photon Source, beamline SBC-19ID. MAD diffraction data to 3.1 A was col-
lected for the Se-Met NVFRO crystals. The wavelengths used for MAD were as
follows: 0.97948 A for peak, 0.97964 A for inflection, and 0.97964 A for remote
data. The data integration and scaling were performed with HKL2000 (32).
Diffraction data for His-tagged NVPRO crystals were obtained to 1.5 A (native)
and to 2.2 A (grown in the presence of AEBSF) using a wavelength of 0.9794 A.
The data integration and scaling were performed with the program D*Trek (36).

The Se-Met NVPRO crystallized in a space group of P6,, whereas the His-
tagged NVPRO crystallized in the space group P6522. The data collection statis-
tics are summarized in Table 1.

Structure determination, refinement, and model building. The positions of the
Se atoms were identified using SnB (26). Refinement of the Se atom positions

and electron density map calculations were performed with SHARP (11). Res-
idues were positioned manually using the program O (21) based on two F,-F,
and F,-F. maps, followed by iterative cycles of model building with O (21) and
refinement with CNS (12).

The 1.5- and 2.2-A structures were determined by molecular replacement with
the Se-Met NVFRO structure using Phaser (25). The atomic models were ob-
tained using ARP/WARP (33), followed by iterative cycles of refinement with
Refmac5 (28) (1.5-A data) or CNS (2.2-A data) (12). Waters were allocated to
peaks >3¢ in the F,-F, difference map using COOT (15). During the course of
the refinement and after the final refinement, the stereochemistry of both the
structures was checked by using PROCHECK (22). Final refinement statistics
are shown in Table 1. Structural figures were rendered with PyYMOL (14). Buried
surface areas for the dimer complexes were calculated with CNS (12).

Protein structure accession numbers. The coordinates and associated struc-
ture factors have been deposited into the Protein Data Bank (PDB code 2FYQ
and 2FYR for the 1.5-A structure and the 2.2-A structure, respectively).

RESULTS AND DISCUSSION

NVPRO js a dimer in solution. In these studies, the NV'R©
was purified by expressing two different constructs. In the ini-
tial stages, based on the previous successful expression of the
functionally active NV protease (9), a GST construct was used.
The native and Se-Met protein, using this construct, yielded
crystals that only diffracted to 3.1 A. The data from the Se-Met
NVPRO crystals were adequate to obtain an initial model of the
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FIG. 2. Structure of the Norwalk virus protease at 1.5-A resolution. (A) Representative sample of the electron density map with modeled amino
acids. (B) Average B factors for each residue. The disordered loop corresponding to amino acids 122 to 133 is labeled with an asterisk. The average
B-factor for the entire protease monomer is 17.3 A2 B-factors for the catalytic residues are also low, at 12.3 A2 (H30), 12.49 A? (E54), and 11.52
A? (C139). (C) Secondary structure topology diagram. Amino acid numbers for each of the strands are shown, and the strands are labeled for each
domain that corresponds to the labels in panel D. (D) The Norwalk virus protease consists of two domains separated by a cleft that contains the
active-site catalytic triad. The triad (shown in red) consists of His 30, Glu 54, and Cys 139. Domain I (blue) has a short amino-terminal a-helix,
followed by a twisted B-sheet and domain II (green) is a six-stranded B-barrel.

NVFRO, Subsequently, a His-tagged construct was used that
yielded crystals that diffracted to significantly higher resolu-
tion, and these data were phased by using the low-resolution
model. During the purification of the GST construct of
NVPRO after thrombin cleavage, by size exclusion chromatog-
raphy, it was noted that the peak representing the cleaved
NVFRO corresponded to twice the molecular weight of the
protein, indicating thereby that recombinant NVFR® exists as
dimers in solution (Fig. 1A). A similar profile was observed for
the His-tagged construct, indicating that NVFPR is a dimer in
solution irrespective of expression and purification protocols.
The activity of the purified His-tagged NVFR© was ascertained
by using a fluorogenic peptide substrate assay (Fig. 1B). This
type of assay uses fluorescent resonance energy transfer to
detect cleavage of the peptide, where there is a fluorescent
donor and a nonfluorescent acceptor on the peptide. The flu-
orescence of the peptide remains quenched until the peptide is
cleaved and the fluorescent donor is no longer in contact with
the acceptor. The increase in fluorescence was measured in
relative fluorescence units to determine the activity of NVFRO,

Overall structure of the Norwalk virus protease. The quality
of the electron density map of the native NVFPR® at 1.5 A is
excellent, with an overall B-factor of 17.3 1&2, and allowed us to
model the positions of the main chain, side chain atoms, and
several solvent molecules unambiguously (Fig. 2A and B). The
NVFRO adopts a serine protease-like fold that consists of two
B-barrel domains separated by a cleft within which lie the
active-site catalytic residues (Fig. 2C and D). NV"R© domain I

begins with a two turn a-helix (amino acids [aa] 3 to 8), fol-
lowed by five B-strands (al to dI) connected by large loops that
create a twisted antiparallel B-sheet. Domain I is connected to
domain II via a large loop (aa 61 to 79). Domain II is defined
by a six-stranded (all to fII) antiparallel B-barrel consisting of
residues 80 to 170. The strands in domain II are connected by
smaller loops, where loop 123-133 is disordered and not visible
in the electron density map. The active site is located at the
opening of the cleft between domains I and II composed of
residues His 30, Glu 54, and Cys 139. His 30 and Glu 54 are
located on two separate loops that connect strands cl to dI and
dI to el, respectively. Cys 139 is part of the large loop that
connects strands cII to dII in domain II. The conformation of
the loops and B-strands in domains I and II are likely to play
a role in positioning the active-site residues for proteolysis.
Although the NVFRO structure generally resembles other viral
cysteine proteases, such as poliovirus (27), HAV (6), HRV
(24), and foot-and-mouth disease virus (7), where both do-
mains are B-barrels, one distinct difference is that NVFRC has
only one B-barrel domain while the other is a twisted B-sheet.

Protease dimers. Based on the size exclusion chromatogra-
phy results, NV"R© forms dimers in solution (Fig. 1A). Is it a
dimer in the crystal? The His-tagged NVFR© crystallized in the
P6522 space group with only one protease molecule per asym-
metric unit. However, when crystallographic symmetry opera-
tions were applied, a distinct tail-to-tail dimer, formed using a
crystallographic twofold symmetry, was repeated throughout
crystal (Fig. 3A). The total buried surface area for this dimer is
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FIG. 3. NVPRO is a dimer in solution, as well as in crystals. The NVFR s observed as a dimer during size exclusion chromatography, as well
as in the crystal. (A) The P6522 asymmetric unit contains one protease molecule. When symmetry operations are applied, the dimer shown is
repeated throughout the crystal. The crystallographic twofold axis is shown with an arrow. (B) There are four molecules in the P6, asymmetric unit
of the Se-Met NVFRO crystals. The noncrystallographic twofold axes are shown with arrows. The AB and CD dimers correspond to the dimer seen
in the high-resolution structure. In both figures, the catalytic residues are shown in red.

~2.,380 10\2, a value that is consistent with other homodimers
(20). In the Se-Met NVFRC crystal, which has four molecules in
the asymmetric unit, two dimers, related by a local twofold axis,
juxtaposed with each other can be identified with a very similar
subunit orientation and interface as the dimer in the His-
tagged crystals (Fig. 3B). A similar organization of the four
molecules in the asymmetric unit is seen in the recently deter-
mined structure of Chiba virus protease (29). However, the
buried surface areas for these dimers (~1,400 A%) are smaller
because one of the polypeptide segments in the interface is
disordered. Although the RMS deviation (for the matching C,
atoms) between the monomers in the two different crystals
forms is ~0.7 A, the RMS deviation between the dimers is
~28A, indicating that the orientation between the subunits of
the dimers in the Se-Met NVFR crystal is slightly altered,
perhaps influenced by the crystallization conditions and crystal
packing forces.

The B-barrel of each NVPR® monomer interacts along the
crystallographic twofold axis to form the dimer, which is sta-
bilized by both van der Waals and hydrogen bond interactions
involving four regions on each monomer: Glu 79 that is directly
before the B-strand all; Ser 106 and Arg 108 on B-strand bll;
Ser 163 and Thr 166 on B-strand fII; and Glu 177 and Glu 181,
which are part of the C-terminal loop that is disordered in the
Se-Met NVPRO structure. These residues are conserved among
genogroup I noroviruses and have conservative substitutions in
the other norovirus genogroups, suggesting that formation of
dimers may be a common feature of norovirus proteases. Viral
cysteine proteases existing as dimers have been reported for
the HAV 3C protease, which has a higher affinity for RNA
when dimerized (34), and the SARS coronavirus main pro-
tease, which has two domains similar to other viral cysteine
proteases and a third domain that interacts to form dimers (2).
Further mutational and functional studies are required to es-

tablish the role of dimerization of NVFRO

Norwalk virus.

Catalytic triad. Based on the structural comparison of our
NVPRO structure with other serine proteases and viral cysteine
proteases, along with previously published studies identifying
the catalytic residues of NVPR© as His 30, Cys 139, and pos-
sibly Glu 54 (18, 39), the residues important for enzymatic
activity could be located. Serine and viral cysteine proteases
use a triad of residues to cleave the target peptide bond.
Common serine proteases have Ser, His, and Asp residues in
their catalytic triad, whereas in viral cysteine proteases have
replaced Ser with a Cys residue, His, and either Glu or Asp at
the third position. In the NVFR? structure, these residues
correspond to Cys 139, His 30, and Glu 54, which function as
a nucleophile, general base, and anion, respectively.

There has been speculation about the requirements for an
anion in the NVFRO and which residue might act as the anion,
if any. Based on multiple sequence alignments, Someya et al.
initially suggested Glu 54 or Asp 67 as candidate anions for
noroviruses; however, their mutational studies, using a fusion
protein as a substrate, did not show the requirement of either
(37). In contrast, mutational analysis of NV"*© by Hardy et al.
suggested that Glu 54 is indeed the anion and may be required
for proteolysis (18). The 1.5-A NVPR® structure, shown here,
clearly demonstrates that Glu 54 is used to orient the imidazole
ring of His 30 for proteolysis. Glu 54 is hydrogen bonded to the
imidazole ring of His 30 (Oel to N81, 2.7 A), to the backbone
nitrogen of His 30 (O€2 to N, 2.9 A), and to a water molecule
(O€2, 2.7 A) (Fig. 4A and Fig. 5, red). The network of strong
hydrogen bond interactions involving the anion, the general
base, and the water molecule is very similar to that seen in
serine proteases in which the role of the anion is definitively
established. However, the water molecule in the NVFRO struc-
ture replaces the hydroxyl group of a serine residue used in

in the replication of
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FIG. 4. Catalytic residues undergo conformational change in pres-
ence of AEBSF. (A) Catalytic residues of the native NVPR© at 1.5-A
resolution inside of the 2Fo-Fc map. (B) Catalytic residues at 2.2-A
resolution inside of the 2Fo-Fc map, from crystals grown in the pres-
ence of AEBSF. (C) Comparison of native triad and the triad from the
crystals grown in the presence of AEBSF. When NVFRO is grown in
the presence of AEBSF, the stabilizing Glu-His hydrogen bonds are
broken. In all of the figures, the 1.5-A structure is represented in
yellow, the 2.2-A structure is cyan, the oxygen atoms are red, and the
nitrogen atoms are blue and sulfur is orange. Hydrogen bonds are
represented by dashed lines and distances are marked in angstroms.

serine proteases. Such an interaction between Glu 54 and His
30, referred to as a syn configuration, is more favorable and is
associated with enhanced catalytic efficiency (7). In addition,
mutation of Glu 54 to Ala results in a loss of proteolytic activity
as assayed using a fluorogenic peptide substrate (Fig. 1B),
which highlights the requirement of Glu 54 during proteolysis.

STRUCTURE OF NORWALK VIRUS PROTEASE 5055

FIG. 5. Substrate binding sites on the surface of NVFR®. (A) The
1.5-A NVPRO structure is shown as a ribbon representation, with the
substrate binding residues shown as sticks and color coded as described
below. (B) The surface representation of the 1.5-A structure of the
NVPRO_ In both figures, the S1 specificity pocket is shown in yellow
with His 157 highlighted in magenta. The S2 pocket is colored cyan,
and the oxyanion hole is dark blue. The catalytic residues are shown in
red. The amino terminus and carboxyl terminus are labeled with an N
and a C, respectively.

The contrasting results between the NV and Chiba virus
proteases, using a triad versus a dyad, respectively, is surprising
considering that both of these viruses are from the same geno-
group, with 91% aa identity in the protease sequence, and that
Glu 54 is conserved throughout. It should be emphasized here
that a similar dilemma occurred with the HAV protease, in
which a dyad instead of triad was suggested for its activity in
early structural studies. However, recent high resolution crys-
tallographic studies have shown a triad with aspartate in the
syn configuration and suggested that substrate binding or
dimerization may be necessary to force the arrangement of a
functional catalytic triad (6, 43). In the Chiba virus protease,
Glu 54 is within the hydrogen bonding distance, in two of the
four molecules in the crystallographic asymmetric unit, from
the His 30, although in the anfi conformation (29). Other
evidence that appears to favor the dyad hypothesis is the mu-
tational analysis of the Chiba virus protease, in which mutation
of Glu 54 to Ala does not inactivate the protease activity.
However, protease activity in these studies was assessed at a
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single time point in E. coli lysates (39). More quantitative
analysis of the Chiba virus protease may be necessary to es-
tablish the role of Glu 54 during proteolysis.

Conformational changes in the catalytic residues in the pres-
ence of AEBSF. To obtain more information about the mech-
anism of proteolysis, we cocrystallized NV R© in the presence
of AEBSF, which irreversibly inhibits serine proteases and is a
soluble, stable, nontoxic alternative to PMSF. AEBSF has been
shown previously (and in data not shown) to inhibit NVFR (9)
and is suggested to inhibit proteases by the same mechanism as
other sulfonyl fluoride inhibitors, such as PMSF, which rapidly
react with the active-site serine or cysteine forming a stable
acylated enzyme that blocks proteolytic activity. Our structural
analysis of the NVFRO, from the crystals grown in the presence
of AEBSF, shows that the catalytic residues undergo a signif-
icant conformational change. First, the Glu and His residues
have shifted away from each other (Fig. 4B), preventing the
hydrogen bond formation observed in the native NV"R struc-
ture (Glu 54 Og2 to His 30 N31 is now 3.4 A and Glu 54 Ogl
to His 30 N is now 3.7 A). Also, the water molecule hydrogen
bonded to Glu54 O€2 is no longer present. This movement of
the Glu side chain appears to be associated with a conforma-
tional change in the side chain of Arg 112, which is implicated
in the substrate specificity pocket (see below). This residue,
which is directed away from the active site in the native struc-
ture, now points toward Glu 54. Second, the side chain of the
Cys 139 exhibits two alternate conformations, one of which
points away from the His 30, in contrast to the native structure
that shows a single conformation pointing toward the His 30.
Third, the electron density map shows an unusual flattened,
bulged density for His 30 (Fig. 4B) compared to other His
residues, which are well defined throughout the rest of the
structure and in the native structure.

Although conformational changes in the catalytic residues
are observed, the cause of these changes remains unclear due
to the lack of electron density corresponding to AEBSF. To
examine the possibility of covalent modification by AEBSF, we
carried out electrospray mass spectrometry on AEBSF-treated
NVFRO: however, this failed to indicate any covalent modifi-
cation of NVFRC, One possibility is that AEBSF may nonco-
valently interact with NVFR® either by directly affecting the
electrophilic nature of the active site residues or by affecting
the conformation of a surface residue such as Arg 112 to
disrupt the hydrogen bonding interactions in the active site
residues. The absence of AEBSF in the electron density may
be due to disorder or low occupancy. Another distinct possi-
bility, is that the addition of AEBSF, an acidic compound,
during crystallization may have caused a subtle change in pH
resulting in the disruption of hydrogen bond interactions due
to protonation of the Glu 54 side chain (pKa ~4.4). This
disruption of hydrogen bond interactions may make His 30
more flexible and account for the unusual density; such flexi-
bility could lead to the alternate conformations seen in the side
chain of Cys.

Oxyanion hole. Oxyanion holes help substrates bind tightly
and are used to stabilize the tetrahedral transition state for-
mation through hydrogen bonding with the negatively charged
carbonyl oxygen of the substrate backbone at the cleavage site.
The standard oxyanion hole includes the amino acid sequence
Gly-Xaa-Ser/Cys-Gly, where serine or cysteine is the active-site

J. VIROL.

nucleophile. The oxyanion hole of NV"R? protease is formed
by the sequence Gly 137-Asp 138-Cys 139-Gly 140 (Fig. 5, dark
blue). In the serine proteases, the hydroxyl group (OH) of the
active site serine is positioned appropriately to make hydrogen
bonding interactions with the N32 of the imidazole ring of the
active-site histidine. The SH group of the cysteine in the viral
cysteine proteases is positioned similarly. However, as seen in
our NVPRO structure, the S - - - N distance in the structures of
these proteases is generally ca. 3.5 A (Fig. 4). Perhaps due to
the increased electronegativity of the sulfur atom, the cysteine
residue is pulled back relative to the corresponding serine
residue in serine proteases to achieve the appropriate electro-
philic environment conducive for proteolysis.

The sequence that forms the oxyanion hole is highly con-
served among the serine and serine-like proteases where as-
partic acid occupies the Xaa site in most eukaryotic proteases,
bacterial serine proteases, viral 2A cysteine proteases, and the
norovirus proteases. However, the viral 3C and 3C-like pro-
teases have a variety of residues present at the Xaa site, in-
cluding Asp, Gln, Met, Tyr, or Trp (29).

Substrate binding sites. NV R© cleaves the ORF1 encoded
polyprotein at five sites to release the six nonstructural pro-
teins for replication. Although there are five sites, there are
only three different types of cleavage sites. There is always a
Glu or GlIn residue in the N-terminal side of the cleavage site
(P1 position) and an Ala or Gly in the C-terminal side (P1’
position) of NVFRO substrates. The GIn-Gly junctions (be-
tween p48/p41 and p41/3A) are cleaved from the polyprotein
first, followed by the two Glu-Gly junctions (between 3A/Vpg
and protease/polymerase) and the Glu-Ala junction (between
the VPg/protease) (9). Based on the recently published Chiba
virus protease structure modeled with its substrate, and mul-
tiple sequence alignments with other calicivirus and picorna-
virus 3C proteases, Nakamura et al. suggested five residues
that may be important for substrate specificity: His 157, Ala
160, Ile 109, Arg 112, and Val 114 (29). These residues are
classified, according to the standard convention, as the S1
pocket containing the first two residues, along with several
hydrophobic residues (Fig. 5, yellow), and the S2 pocket con-
taining the latter three residues (Fig. 5, cyan). The identified
substrate-binding pocket is in general agreement with the crys-
tal structures of the HRV 3C protease with its inhibitors (23).
The substrate specificity sites and the active site are located at
the cleft between the N-terminal B-sheet and C-terminal
B-barrel domains. The putative substrate binding residues of
Chiba virus protease are highly conserved among the norovi-
ruses and likely represent the NVFR? binding sites.

S1 pocket and the role of His 157. The position of His 157
(Fig. 5, magenta) in the S1 pocket is conserved structurally, not
only between the NV and Chiba virus proteases but also be-
tween various picornaviral 3C proteases. In the 1.5-A structure
of the NVPRO, the imidazole of His 157 hydrogen bonds with
the side chain of the Thr 134 via a bound water molecule and
the side chain of the Tyr 143. All of these residues are con-
served throughout the Caliciviridae family. It is interesting that
similar interactions between conserved His, Thr, and a Tyr are
also observed in picornaviral 3C protease structures (6, 7, 24,
27). Mutational analyses of His 157 in both of these virus
families have shown that this residue is critically important for
substrate binding and cleavage (8, 39). The role of the ob-
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FIG. 6. Comparison of NV"R© and Chiba virus protease. The av-
erage RMS deviation between the matching C, atoms, of each mono-
mer compared to the 1.5-A NVPRO, js ~0.7 “A. The Norwalk virus
protease has a large flexible loop composed of residues 121 to 136 (red
arrow) that can adopt several different conformations. This loop is
disordered in the 1.5-A structure of the NVFR® (blue), suggesting that
it is very flexible. The loop is visible in the Se-Met NV"R© (green) and
Chiba virus protease (orange) structures in two different conforma-
tions without disturbing the B- -sheets or catalytic triad. Another con-
formatlonally flexible region is in the S2 binding pocket (black arrow).
This region has moved 4 to 5 A between the native NVPRO and the
Se-Met NVPRO and the Chiba virus protease.

served hydrogen bond interactions may be in order to position
His 157 appropriately for substrate binding and cleavage. The
other residue in the S1 pocket, Ala 160, is a part of the ell
B-strand with its amide hydrogen bonded to the carbonyl of
Val 167 in the fII B-strand. These two residues are surrounded
by other hydrophobic residues, such as Leu 121, Val 99, Leu
97, Ile 87, and Val 57, to form the hydrophobic S1 pocket. The
positions of these residues and the hydrogen bonding pat-
tern involving His 157 are maintained in the AEBSF-NVFR®
structure.

S2 pocket and conformational flexibility. The three resi-
dues—Ile 109, Arg 112, and Val 114—in the S2 binding pocket
are part of the ell and fII B-strands. This region in the 1.5-A
native structure exhibits a significant conformational change of
approximately 4 to 5 A compared to either the Se-Met NVPRO
structure or the Chiba virus protease structure (Fig. 6, black
arrow). This region is in close proximity to the dimeric inter-
face. Such a conformational change may indeed be due to the
fact that in the 1.5-A structure the dimer is related by a strict
crystallographic twofold axis as opposed to the dimers in the
other two structures, which are related by an approximate
noncrystallographic twofold axis. The Gly residues at positions
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102 and 119 are likely involved in conferring the observed
conformational flexibility to this region.

In addition to the structural change in the S2 region, compar-
ison of the native NVFRO AEBSF-NVTRO, Se-Met NVFRO and
Chiba virus protease revealed another significant change in the
loop formed by residues 121 to 136 (Fig. 6, red arrow). This
loop adopts different conformations in the Se-Met NVPR® and
the Chiba virus protease structures and is disordered (aa 122 to
133) in the 1.5- and 2.2-A NVPRO structures. Even though this
loop is in several different conformations, there is little change
in the clI or dII B-strands that are connected by this loop. It is
interesting that this loop is conserved among noroviruses with
the exception of Gly 129 and Ile 136. The different conforma-
tions of this loop and the loop in the S2 region, although they
may be due to crystal packing or dimeric interactions, under-
score the flexible nature inherent in these loops. Such flexibility
may be useful in the overall function of NVPR®, which involves
cleavage of the polyprotein in five different places.

Conclusions. The proteases of viruses that encode polypro-
teins are especially important targets for antiviral compounds.
We have presented the X-ray structure of the NV protease
determined to a 1.5-A resolution, which provides an excellent
structural target for the rational design of protease-specific
inhibitors and for mutational studies to further our under-
standing of the structure-based function of this protein. The
overall fold of this protease resembles that of the serine and
other viral cysteine proteases; however, the difference is that
there is only one 3-barrel domain, with the other domain being
a slightly twisted B-sheet. Our biochemical and structural stud-
ies provide strong evidence for the active role of Glu 54 in
proteolysis. From our structural analysis, which is consistent
with size exclusion chromatography, NVFR is a dimer in both
solution and the crystal structure; however, the functional sig-
nificance of dimer formation remains to be established since
each monomer contains an independent catalytic triad.
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